Tel. +44 131 650 3113 53 Email: Ian.Duguid@ed.ac.uk 54 65 Stimulating the MThDN/IPN thalamocortical pathway in the absence of the cue recapitulated cue-66 evoked M1 membrane potential dynamics and forelimb behavior in the learned behavioral 67 context, but generated semi-random movements in an altered behavioral context. Thus, 68 cerebellar-recipient motor thalamocortical input to M1 is indispensable for the generation of 69 motor commands that initiate goal-directed movement, refining our understanding of how the 70 cerebellar-thalamocortical pathway contributes to movement timing. 71 72 129 ( Figure 1c and Video S1). Mice rapidly learned to execute the task (mean = 7.5 days, 95% CI 130 [6.3, 8.6], N = 16 mice, all data, unless otherwise stated, are presented as mean, 131 [bootstrapped 95% confidence interval]; last session task success, mean = 0.64 rewards per 132 cue presentation, 95% CI [0.56, 0.72]), displaying relatively fast reaction times (last session, 133 median = 0.32s [0.30, 0.34]) and reproducible forelimb kinematic trajectories (Figures 1d-1f, 134 Video S1).
1 Summary 55 To initiate goal-directed behavior, animals must transform sensory cues into motor commands 56 that generate appropriately timed actions. Sensorimotor transformations along the cerebellar-57 thalamocortical pathway are thought to shape motor cortical output and movement timing, but 58 whether this pathway initiates goal-directed movement remains poorly understood. Here, we 59 recorded and perturbed activity in cerebellar-recipient regions of motor thalamus (dentate / 60 interpositus nucleus-recipient regions, MThDN/IPN) and primary motor cortex (M1) in mice 61 trained to execute a cued forelimb lever push task for reward. MThDN/IPN population responses 62 were dominated by a time-locked increase in activity immediately prior to movement that was 63 temporally uncoupled from cue presentation, providing a fixed latency feedforward motor 64 timing signal to M1FL. Blocking MThDN/IPN output suppressed cued movement initiation.
Introduction 73 The ability to generate precisely timed motor actions in response to sensory cues is a hallmark 74 of mammalian motor control. Movement timing is believed to be mediated by cerebellum-75 dependent shaping of motor output (Holmes, 1939) given that damage to, or inactivation of, 76 the cerebellum results in poorly timed motor actions (Bastian and Thach, 1995; Milak et al., 77 1997; Thach, 1975) . However, the circuit mechanisms that generate motor timing signals 78 necessary for goal-directed movement initiation remain unclear. Cerebellar control of goal-79 directed movement is predominantly mediated via two distinct pathways, the cerebellar- 80 rubrospinal tract (Gibson et al., 1985) and the more dominant cerebellar-thalamocortical 81 pathway (Horne and Butler, 1995) . Feedforward excitatory input from the deep cerebellar 82 2 nuclei (DCN) provides one of the main driver inputs to the motor thalamus and is thought to 83 be necessary for controlling the timing of simple and complex movements (Ivry and Keele, 84 1989; Mink and Thach, 1991; Ohmae et al., 2017) . But whether the cerebello-thalamocortical 85 pathway is required for movement initiation has been much debated (Thach, 2013) . Neuronal Strick, 1993; Thach, 1975 Thach, , 1978 , suggestive of a role in movement initiation. However, 90 local inactivation of dentate and interpositus nuclei or their recipient regions in motor thalamus 91 during simple cued forelimb tasks produces variable behavioral outcomes, from no effect 92 (Miller and Brooks, 1982) To distinguish between these models and to investigate whether the cerebellar-recipient motor 109 thalamocortical pathway is necessary for goal-directed movement initiation, we employed 110 3 thalamic population calcium imaging, patch-clamp recordings in M1, and targeted 111 manipulations in mice trained to execute a cued forelimb push task for reward. We 112 demonstrate that MThDN/IPN population responses were dominated by a time-locked increase 113 in activity immediately prior to movement initiation that was temporally uncoupled from cue 114 presentation, providing a fixed latency feedforward motor timing signal to M1FL. Focal 115 inactivation of MThDN/IPN suppressed layer 5 membrane potential dynamics in forelimb motor 116 cortex (M1FL) and blocked cued movement initiation. Direct stimulation of MThDN/IPN neurons, 117 or their axon terminals in M1FL, in the absence of the cue recapitulated motor cortical activity 118 dynamics and forelimb behavior in the learned behavioral context, but generated semi-random 119 movements in an altered behavioral context where the lever and reward were absent. 120 Together, our findings demonstrate that the cerebellar-recipient motor thalamocortical 121 pathway conveys essential motor timing signals necessary for the initiation of goal-directed 122 movement.
124

Results
125
To explore the role of MThDN/IPN in goal-directed movement initiation, we first developed a cued 126 linear forelimb push task for mice. The design of the task, which incorporates a horizontal 127 translation lever, required mice to learn the correct wrist and grip orientation to ensure smooth, Figure S3 ).
153
To investigate whether MThDN/IPN was necessary for cued goal-directed movement initiation, 154 we focally injected a small bolus of the GABAA receptor agonist muscimol centered on the 155 ventrolateral nucleus, with an estimated spread of ~500 µm from the point of injection within 156 10 minutes (Martin, 1991) ( Figure 1g and Figure S4 ). By applying muscimol during behavioral 157 task engagement, we recorded the immediate post-injection effects. Muscimol reduced task 158 success by ~90%, 5-10 minutes after injection, an effect that persisted for the duration of the 159 session before reverting to baseline after 24 hours (5-10 mins, mean = 0.11 normalized task or a purely movement-related signal, we exploited miss trials where mice perceived the cue, 195 as indicated by short-latency whisking and increased arousal, but did not engage in the task 196 (see Video S1). In the absence of movement, no appreciable cue-evoked responses across 
